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i. CONTRACT STATEMENT OF WORK

The contractor shall investigate the drive system for a once-through

"Y' confi_lration of a common drive section and two test sections

('/5 ft. by 150 ft. and 133 ft. by 200 ft.), one in each leg of theY.

The drive section shall have the following parameters:

(1)

(2)

(3)

Approximate Nominal

Tip Speed Fan Diameter Number

(ft./sec. ) (ft.) of Fans

302 50 18

410 5O 18

635 5O 18

Because of the importance of minimizing the noise level, emphasis

shall be placed on the lowest fan tip speed (302 ft./sec. ).

The wind tunnel performance requirements are: (1) a maximum

velocity of 300 knots in the 75 ft. by 150 ft. test chamber at maximum

drive horsepower, and (2) the maximum velocity attainable in the 133 ft.

by 200 ft. test chamber with the same horsepower.

Three drive systems shall be considered:

(1) A combination of AC synchronous and DC drive motors mechanically

coupled to continuously adjustable pitch fans. The drive system

shall be rated for two hours continuous operation at the maximum

horsepower required in B(1) and (2) and for corresponding longer



periods at lower power requirements. The DC drive motors

shall serve two purposes; first, to operate the tunnel at adjust-

able speed without the synchronous motors energized, and secondly,

to bring the synchronous motors up to synchronous speed and to

share the shaft load after the AC motors are energized. The DC

motor in each nacelle shall be rated at 10 percent of the required

shaft horsepower at rated speed. This study shall include the

power and control equipment required for this drive system.

(2) A wound rotor induction motor or synchronous motor drive using

state-of-the-art solid state speed and frequency control, and

mechanically coupled to two-position adjustable pitch fans. The

possibility of using fixed pitch fans in this case shall also be

investigated and the consequent trade-offs involving power require-

ments, functional efficiency, initial and operating costs, reliability,

etc. shall be covered. This study shall include all power factor

and other controls required for this system.

(3) A gas turbine drive mechanically coupled to a two-position

adjustable pitch fan. This study shall contain a comparison of

prime mover noise level versus drive fan speed for drive systems

C(1), (2), and (3).
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The contractor shall thoroughly investigate the continuously adjust-

able pitch fan blade mechanism, required for drive system C(1)

above, to determine its feasibility and cost for the duty required for

wind tunnel operation. This includes an analysis of practicability,

reliability, time between overhaul of fan hub, etc. The contractor

shall also determine whether the required speed of + knot will be

obtainable for the variable pitch fan mechanism. This st_Idy shall

not include a more detailed investigation of the two-position fan than

that required to establish the characteristics of drives C(2) and (3).

The contractor shall estimate the sound power level of the fans in part

A as a function of fan tip speed.

The contractor shall re-estimate nacelle diffuser efficiency using

the method described in "A Review of Incompressable Diffuser Flow,

Aircraft Engineering, 1963. This should be done for both test

sections of the "Y" configuration wind tunnel.

The results of the work required by this modification shall be described

in a supplementary report and shall be submitted within 120 days of

authorization of this modification.
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2. FAN REQUIREMENTS

2.1 High Speed Leg

The "Y" tunnel configuration under consideration is shown in Figure

2.1 and the proposed nacelle design in Figure 2.2. Both test sections

are of the open rather than return type and utilize a common power

section of 18 fans which draw air through the test section. A series of

moveable vanes _t the junction of the fans and tunnel diffusers act as

valves to shut off one tunnel section from the fan intake and open the

other.

2.1.1 Fan Flow Distribution

In the proposed design there is essentially zero duct length between

the exit plane of the diffuser and the entrance to the fan sections. This

is of most significance for the high speed test section leg and requires

some consideration to determine the variations in flow among the 18 fans

and the average total pressure loss of the wind tunnel diffuser. From

the correlation of Sovran and Klomp, Reference 1, we would estimate

a blockage of the velocity profile of the 75' x 150' test section diffuser

at the protection screen plane of 0.32, which means that the velocity of

1

the centerline streamline is (i - .32) times the area mean average.

We further assume that the sheared flow reaches to but does not include

the centerline (a condition suggested by Reference 1) and that the boundary

layer is close to separation (H _2.0). Under these assumptions, the

-4-
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velocity profile in the 284 ft. dimension would _pproximate that measured

by Nikurdse (Reference 2) and given in Schlicting's Boundary Layer Theory

(Reference 3). This profile is approximated in Figure 2.3. In addition,

a profile is shown on the same graph which is our best estimate of the

modifying effect of the distributed fans.

This modification is based on modeling the fan pressure flow character-

istics in terms of an equivalent screen and applying the screen profile

modifying relations.

Over _ small range of flows screen pressure drop characteristics

can be expressed as

AP = Kq

where

A1J =

q =

K =

(2.1)

total pressure drop across screen

dynamic head of the approach flow

screen pressure coefficient

The variation in pressure drop with dynamic head is simply

d(_P) = K (2.2)
dq

A typical fall characteristic as for example Figure 2.4 reproduced

from Reference 4 has an approximate

d( A P)
= 1.3

dq

linearized about the design point.

-7-



DIFFUSER DISCHARGE VELOCITY PROFILE

i:

, 1.6

2

_; 1.4
.4

©
"- 1.2

f

2

O

1 0(D •

>

ID

.8

¢D
• O

,,---4

co

.6

2' r

:?

.4

.2

\

i\,
'\

DIFIVSEY DISI2HAF GE

- \

FA]q SEC TIOl _ \

N

"\\

\

\\

\

\

\
,\

0
1
Y/Channel 1/2 Width

-g- FIGURE 2.3



_oua_!JJH uuH

J_

_ o

,-1

Z N

O
f- _

b_

rx3

r,.)
<

<

o

25 0

©

\ 0 ,-_
\ ,-q -1

\

\
\

"N
\

O _

°/s'

<

<
Ss

,_S/J
P

\

_ r .j_._ _

l_f /
/- \

\

\,

Iatu_n,L _t00_ l:,VoI-I u_._eC[/'peaIt ueA

\

cO t"--

c.D

,r.-I

0,]

O

00

\

\

¢q

\

\
\

\

\
\

O

¢.D

cq

O

O
O

O
i....4

,r.,4

O

FIGUHE 2.4
-9-



0
v-t

t_ 00

t_
Cl

2;

b_

0

N

ax._ t
gx]

c/./!
0

E._,

b_
cr_

<IC)

v-.l

_. jf

J

f

\

"\

./

/,J

J

r_0 i

)z
Z G

I--.

g-

\

>,<.--
\

P_
CO "

O_

r-q \

_3

D

/

-\

\

lOUnnd, ).!00_ pu01I u_h.s0(I,/p_;olt uu:l

--10-

\
.\

\

\
IX.

\

I,.-'4

0
0

0

0
,...1

b_

_S_

0
,-.4

FIGURE 2.5

I, O

¢,a O

\
\
\
\

\



We now assume the fans operate like a screen and apply Prandtl_

velocity modification relation

( - 1) = 1+ _ + Ka (U 1) (2 3)

where

C_

1.1

: (1 + K) 1/2'

U 1 = velocity approaching the screen

U 3 = velocity some distance downstream of screen where
the screen identy has been diffused

n

U = area mem_ velocity

Thus for a K = 1.3, the spacial reduction factor is about 0.25 or

U 3 U 1
(-- - 1) = 0.25 (_-

U U
1) (2.4)

Since a screen effects about half of its velocity modification

upstream and half downstream, we assume the distributed fans will

do the same. The actual ingestion into the fans will then be distributed

relative to the diffuser discharge as

U 3 U 1
(-- - 1) = 0.50 (m_ 1) (2.5)

U U

which is the profile illustrated on Figure 2.3. On the basis of this

profile, the center fans would have to handle 120% of the area mean

flow and the end fans 85%. With such a large variation in flow stalling

could well occur in the fans along the wind tunnel boundaries unless

some adjustment is made in fan pitch.

-11-



It is evident that the fans along the duct centerline will see a lower

than average tunnel resistance as diffusion of this flow approaching

the fans reduces the energy required for propulsion. Similarly, the

acceleration of the air along the tunnel boundaries increases the effective

system resistance which the boundary fans must work against.

To fully utilize the kinetic energy represented by the nonuniform

discharge profile of the diffuser would require several fan designs

among the 18 fan array which is beyond the scope of this study. Rather

we based our motor sizing on an average fan as calculated by the

diffuser discharge total pressure equal to the ares mean average

velocity pressure and static pressure recovery.

2.1.2 Wind Tunnel Diffuser

The "average fall" tunnel requirements does not take advantage of

the excess kinetic energy flux represented by the peaked diffuser

discharge profile nor the static pressure rise in profile modification

as the fan plmm is approached or the added losses at the fan inlets

due to cross flow. The positive and negative aspects of these effects

are assumed to appro_mately balance.

For an evaluation of the 75 ft. x 150 ft. test section diffuser, we

have applied the correlation of Sovran and Klomp, Reference 1. The en-

tire diffuser from the test section discharge to the protection screen

plane can most conveniently be considered as one diffuser. To apply

this correlation we nmst assume an inlet velocity blockage to the diffuser.

-12-



A value equal to a long radius ASME nozzle 0.004 was taken.

value we calculate the Sovran parameter

1/4 1/4
AR (100 B1) = 3.512 x (100x .004)

= 3.091

where

AR = Diffuser area ratio = 3. 512

B 1 = Inlet blockage = 0.004

E 1 = Inlet effectiveness = 1 - B 1 = .994

E 2 = Discharge effectiveness

1/2
E 2 = f[AR (100 B1) ] = 0.68

_0 = Diffuser efficiency based on area mean discharge
velocity and static pressure rise

With this

Reference 1 gives a correlation of discharge effectiveness E 2 as

a function of this parameter. Knowing E 2 = 0.68, the diffuser

efficiency may be calculated from

1 2 xAR

Z - 2- [ 2 ' ] (2.6)

0 1
which yields

0
= 0.911

-13-



We now can convert this efficiency into a total pressure loss coefficient

namely"

AR 2 - 1
K = [ ] [ I- _ ] (2.7)

AR 2 0

which in our case becomes

K = 0.0818

This value compares to a NASA estimate of K = 0.0505 and we ask

if the difference is primarily in our discarding the excess velocity

kinetic energy which may be in the NASA calculation.

An estimate of the excess energy in the diffuser discharge profile

can be made by starting with the above result that E 2 = 0.68. We

then have the value of the velocity on the diffuser centerline as

1
--g-g times the area mean average. For the profile assumed in

Figure 2.3, we have that

5 2 /5 2 _ 0.68

while at the entrance to the diffuser

/6 = 1.54
1 1

These values can be combined with equation (8) of Reference 1 to

yield the total energy loss coefficient of the diffuser as given below.

_2/_'I 1

K = ct 1[1 ] - Z (1 ) (2 8)
AR2 0 AR 2" "

-14-



where

at

is the energy flux velocity profile parameter given by

A U 3
1

6**=

5 * =

AR=

E =

Using the values E 1

we obtain

K = 0.O55

1 _ ** (1 - E)

E2 [1 - _, E ] (2.9)

profile energy thickness

profile displacement thickness

diffuser area ratio = 3.512

section flow effectiveness

= 0.994 and E 2 = 0.680 previously calculated

which is within 10% of the NASA value of 0. 505. Thus the additional

loss we introduce in using K = .0818 is primarily due to an unidentified

ability to fully utilize the energy in the distorted diffuser discharge profile

in an array of close coupled fans. This situation is much different

than a closed wind tunnel where all of the excess profile energy is

contained within the tunnel and reduces the acceleration pressure drop

in the test section nozzle or adds to the profile mixing pressure rise.

2.1.3 Fan Nacelle Diffuser

The fan power section shown in Figure 2.2 is followed by a discharge

chute which both diffuses and turns the exhaust flow.

-15-



The additional expansion following the power section diffuser and

dump will reduce the rate of mixing of the power section profile and

significantly reduce the profile static pressure rise which accompanies

such mixing. For this reason the power section diffuser losses were

evaluated as if no profile mixing pressure rise occurs.

dition the diffuser correlation of Cockrell and Markland,

agree with the efficiency value of 83% used in previous studies 4

As with the test section diffusers, it is most convenient to treat

diffusers in series as a single unit as the aft section is operating with

a very distorted inlet profile which makes its separate evaluation

speculative. The combined area ratio of the power section conical

expansion and rectangular transition is 3.588. Applying this value

and 83% efficiency in Equation 2.7, we obtain a total pressure loss

coefficient of

K = 0.1568

This completes our diffuser analysis. The losses obtained for the

test section and power section diffusers are combined with estimates

supplied by NASA Ames for other wind tunnel components and included

in the tunnel loss tabulation of Table 2. I.

For this con-

Reference 5

and 6.

several

-16-
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2.1.4 Fan Head - Flow Requirements

The fan flow was based on the following conditions"

Test Velocity

Total Pressure

at Test Section

Total Temperature

Test Section

Area

from which we c_iculate:

506.33 ft/sec

2117 ibs/ft 2

529.7 OR

10,043 ft 2

Mach No.

Tunnel Weight

Flow

Weight Flow/
Fan

Dynamic Pressure
at Test Section

0.457

346,697 lbs/sec

19,261 lbs/sec

269.68 lbs/ft 2

Based on the sum of the K 0 values in Table 2. I, the total pressure

rise across the fan is"

AP T = ZK 0 x q

= .16647 x 269.68

= 44.89 lbs/ft 2

and the density at the fan inlet is approximately

p = 0.0726
fan

This results in a required head rise of

-18-



A Itfa n

A H fan =

and input power of:

44.89

= O. 0726

618 ft.

Power = A Hfa n x Weight Flow

618 x 19,261
HP = 550

HP = 21,620

At an assumed fan efficiency of 90%, 24,000 HP motors would be

required.

-19-
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2.2 Low Speed Leg

The low speed leg calculation follows directly from NASA input

data with the substitution of the previous nacelle diffuser losses for

elements 11 and 12. The losses are as tabulated in Table 2.2.

The sum of the K 0 values is

ZK 0 = 0.46168

which in combination with a tunnel nominal dynamic head of 72.83

Ibs/ft2 at 150K yields:

AP T = 0.46168 x 72.83

AP T = 33.624 Ibs/ft2

The weight flow at 150 knot velocity is

W = 492,100 Ibs/see

W/fan = 27,350 ibs/sec

The density at the rotor plane is approximately

p = 0.07221

which results in a fan head requirement of

33.624

Hfan = 0.0'7221

Hfa n = 465.63 ft

and fan input power at 90% fan efficiency of

465.63 x 27,350 12,734,981HP = =
550 x .90 495

tip = 25,727

-20.-
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If our requirement is to equalize input power in both tunnel legs

then the flow specification in the open leg must be reduced by the
.333

24,000
ratio [ 5"2-_7,72-q]

become:

or 0. 9772. Thus the specifications for the fan

Test Section Velocity = 146.5K

Fan Head Rise = 442.2 ft

Fan Weight Flow = 26,740 lbs/sec

FanHP = 24,000

2.3 Fan Operating Conditions

This study was principally concerned with variable pitch fans

driven by synchronous motors. However, brief consideration was

also given to two position fixed pitch and one position fixed pitch

variable speed operation.

In accordance with the work statement drives were sized for an

18 fan array of 50 ft. diameter each. Drives for fans of three different

tip speeds were sized, 350, 410, _nd 628 feet per second. The lowest

was chosen by consideration of the maximum lo_ding parameters at

300K operation which would be prudent. At this flow there is a tunnel

head requirement of 618 feet which at 90,% efficiency results in a fan

input head of 687 feet. For a 350 ft/second tip speed design with .50

hub to tip radius ratio the hub conditions:

Tip Speed 350 ft/sec

R_dius R_tio 0.5

-22-



Hub Rotor Turning 29°

Hub Stator Turning 35°

Itub Solidity 1.25

Hub Diffusion .454
Factor

are about as severe as would be consistent with broad flow range and

high efficiency requirements of this design.

specifications are:

Fan Drive Specifications

The three drive

Tip Hub

Dia. Dia. Tip Speed

Fan No. ft. ft. RPM ft/sec HP/Fan

A 18 50 25 133.33 349.06 24,000

B 18 50 25 156.52 409.77 24,000

C 18 50 25 240.00 628.32 24,000

2.3.1 Fixed and Variable Pitch Performance

If a single pitch fan were designed for the dual tunnel operation, the

blade profiles would be selected to optimize efficiency at a flow inter-

mediate between the two conditions. The approximate situation is as

shown on Figure 2.4 where the efficiency is seen to maximize at 1.15 of

the high speed tunnel flow. The intersection with the low speed tunnel

characteristic is at 1.24 times the high speed tunnel flow or about 130

knots in the test z_ectiou. This compares with the 146.5 knots attainable

with variable pitch fans.

-23-



When full power can be obtained at variable speed, as would be

possible with a gas turbine drive and some electric motor drives,

then low speed test seciion velocities of about 146 knots are attainable

with fixed pitch fans. This is illustrated illFigure 2.5.

With a continuously variable pitch fan and constant rpm drive the

intersection of the fan curves and load lines would also approximate

that shown on Figure 2.5.

2.3.2 Starting Conditions

For either a single pitch fan, two position pitch fan, or two design

speed fan, the drives provide for continuously variable rpm. Thus

the tunnel test section velocity is adjustable directly by varying rpm.

All 18 fan drives would normally be controlled to the same rpm and

speed changed by changing all 18 fans in unison. When two fan pitches

are provided, the intent is to match the load lines of the two tunnel legs

and blade pitch of all fans would be set at shut down according to which

leg was in use.

Only for the continuously variable pitch fan is the operating procedure

any different than in the present 40 x 80 ft. Ames tunnel. In this case,

variable speed power is limited to 15 percent of the shaft horsepower

required at rated speed. This variable speed power is sufficient for

variable speed drive at design blade setting up to 50% design speed.

When higher test velocities are required two modes of blade-speed

-24-



adjustment are feasible. The blades of all fans could be depitched and

fans brought up to synchronous speed with essentially zero tunnel flow.

Once the motors have been synchronized, then the pitch of all fans are

adjusted in unison to control test section velocity over the entire tunnel

range.

Alternately, the tunnel is operated in the fixed pitch variable speed

mode up to between 40 and 50% design speed. At this flow individual

fans are depitched m_d brought up to synchronous speed without altering

test section velocity. After all motors are synchronized fan pitch is

controlled to alter test section velcoity.

For the majority of operations, the latter mode would appear

preferable as it greatly reduces noise of low test speed flows and

minimizes the off design operation of the fans.

--25-



3 FAN DRIVE SYSTEMS

3.1 Power and Speed Requirements

Paragraph 2.3 of this report summarizes the fan drive specifications.

Paragraph 2.3.1 and Figure 2.5 indicate that where the drive is capable

of operating over a constant horsepower adjustable speed range of 1. 125,

then low speed test section velocities of about 146 knots are attainable

with fixed pitch fans.

The fan drive specifications are tabulated below, ineIuding the 1. 125

constant horsepower speed adjustment range, where applicable.

Fan Drive Specifications

Tip Hub

Dia. Dia. Tip Speed
Fan No. ft. ft. RPM/I. 125 RPM ft/sec HP/Fan

A 18 50 25 133.33/150.00 349.06/392.69 24,000

B 18 50 25 156.52/176.09 409.77/460.99 24,000

C 18 50 25 240.00/270.00 628.32/706.86 24,000

-26-



3.2 Drive Descriptions

3.2.1 Drive Alternate #1, Tandem a-c Synchronous and d-c Drive Motors

Coupled to Continuously Adjustable Pitch Fans

This wind t_unnel air flow adjustment scheme combines adjustable speed

drives with adjustable pitch fans. Tunnel air velocities from 5% to 50% of

rated wii1 be attained by adjusting the speed of the fan motors from 5% to

50% of rated speed with fan pitch held constant at full pitch. Tunnel air

speeds from 50% to 100% of rated will be attained by operating the fans at

constant top rated speed and by adjusting the pitch of the fan blades.

It is advantageous to operate at adjustable speed, fixed full pitch

wherever practical because such operation minimizes fan noise, maximizes

drive and fan efficiency, provides excellent air velocity control resoIution

and provides the most uniform air flow profile across the tunnel cross

section.

The fan study indicated that approximately 12% of rated power is re-

quired to drive the fans at full speed when the blades are depitched.

Allowing for the additional power required to drive the synchronous motor

at full speed and with motor field excitation applied, a total power of 15%

of rated power is required from the d-c motor at top rated speed.

Assuming this is accomplished using the taro-hour, 25% overload

capability of the d-e motor and assuming the load power varies as the cube

of speed, then the d-e motor can drive the fan at 49% of rated speed at

rated fixed pitch continuously or at 52.8% of rated speed at rated fixed

pitch for two hours.

-27-



Accordingly the d-c motors have been sized at 15% of the drive horse-

power rating and will have a base speed of 49% of top rated drive speed.

This means that the d-c motors can deliver their rated horsepower at any

speed between 49 and 100% of rated fan drive speed.

The synchronous motors will be sized at 85% of the drive power re-

quirement.

The motors will be designed for forced ventilation via an external blower

and duct system which will provide filtered air at a maximum temperature

of 40°C to the motor air inlet openings. The warm air discharge from the

motors will be discharged to the wind tmmel air stream.

Each motor and fan bearing will be provided with high pressure oil lift

pumps to minimize starting torque. This will also facilitate manual rotation

of the fans during inspection and maintenance.

Figure 3.2.1 describes a proposed power one-line diagram for this

drive system. Three (3) identical systems are required for the eighteen (18)

motors.

The d-c motors will be served by individual a-c to d-c thyristor

rectifiers.

Power factor correction, using a 5 MVAR capacitor and a I0 MVAR

synchronous condenser, is shown connected to the tertiary winding of the

main power transformer. This method of power factor correction does not

cause any severe voltage transients on the thyristor rectifier supply buses

becau'_e the power factor correction equipment will be energized prior to

-28-
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starting the main drives. The synchronous condenser will be smoothly and

automatically regulated such that the combination of static capacitors ,-rod

synchronous condenser can be adjusted from zero to fifteen (15) megavars

leading. The capacitors will also serve as a filter to reduce the rectifier

harmonic currents transmitted to the utility lines.

Table 3.2.1 below summarizes the a-c and d-c motor ratings:

TABLE 3.2.1

MOTOR RATINGS

Fan

Total HP @ Max Speed

A-C Synchronous Motor Data:

Continuous H. P.

2-Hour H. P.

60 Hz Synch. Speed (RPM)

Voltage

Frequency

Phases

Power Factor

D-C Motor Data:

Continuous H. P.

2-ttour II. P.

Base Speed/Top Speed (RPM)

Armature Voltage

A B C

24,000 24,000 24,000

16,320 16,320 16,320

20,400 20,400 20,400

133 1/3 156.52 240

13,200 V 13,200 V 13,200 V

60 Hz 60 Hz 60 Hz

3 3 3

1.0 1.0 1.0

2,880 HP 2,880 HP 2,880 HP

3,600 tIP 3,600 HP 3,600 HP

65.3/133.3 76.7/156.5 118/240

900 V 900 V 900 V
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3.2.1.1 Automatic Control and Regulating System

Fully automatic, unattended operation of the drive system is proposed.

Motor speed adjustment will be accomplished by a single digital command

which will regulate the same speed on all eighteen drive motors. Thumb-

wheel switches will be provided for maaual motor speed adjustment. Provi-

sion will also be made for digital speed adjustment from the purchaser's

computer.

When operating in the constant speed, adjustable pitch fan control mode,

the fan pitch control mechanisms will be automatically varied to cause the

power inputs to the eighteen synchronous motors to be equal to each other at

all times. Should operating experience indicate that equal motor powers

does not produce a uniform air flow pattern in the tunnel, the proposed

control will have provision to vary the proportionality between the motor

stator powers as required to minimize the flow variations in the tumml.

It is proposed that a single analog voltage reference signal be used for

the pitch control system. This voltage will be cubed via analog circuitry

and the resulting voltage will be used as the reference signal for the individual

stator power regulators on each motor. Because the fan power varies as the

cube of tunnel air velocity, the resulting tunnel air velocity will be approxi-

mately proportional to the ai_alog voltage reference. This reference voltage

cml come from either a mammlly adjusted potentiometer, a digital regxflator

or from a pressure regulating loop which will regulate constant tunnel air

velocit:y.
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The tunnel drive system will be started, stopped, and tunnel air speed

will be adjusted from tiletunnel control room located remotely from the

drive equipment.

Emphasis will be pl.'tcedon simplicity of operation so that operation of

the drive motors can be nmde an incidental task for the operators engaged

in conducting the wind tunnel tests.

The automatic control and protective system will monitor the major

drive system components and will initiate system shut down and annunciate

cause of shut down for abnormal drive conditions.

3.2.2 Drive Al_ernate 4/22. Synchronous Motors Directly Coupled to Con-

tinuously Adjustable Pitch Fans and Provided with a Static,

Thyristor, Rectifier-inverter System Sized for Adjustable Speed,

Full Fan Pitch Operation at Tunnel Air Speeds Below 50 Percent

of Rated Speed

This proposed system is similar in operation to Drive Alternate 4tl

above. The d-c motors of Alternate $iI are omitted, the synchronous

motors are made full size and 15 percent capacity thyristor rectifier

inverters are provided to cause the synchronous motors to perform the

same adjustable speed functions as did the d-c motors of Alternate #i.

A synchronous motor has a sh,'fftspeed which is directly proportional

to the frequency applied to its windint_s. To obtain adjustable speed opera-

tion of a synchronous motor, it is necessary to supply the motor with

adjustable frequency electrical power. The advent of silicon-thyristors

has made available a reliable, efficient and economical means for converting
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a-c from one frequency to another and in particular for converting co_mtant

frequency power to adjustable frequency power. Therefore it is proposed to

use thyristor frequency conversion equipment to obtain adjustable speed

operation of the synchronous motors.

To minimize the cost of the thyristor frequency conversion equipment,

it is sized to be capable of performing the necessary function of starting and

accelerating the associated synchronous motors to 60 Hertz with the fan

blade pitch set at the fully depitched position. At 60 ttertz the motors will be

synchronized and directly connected to the incoming power system and the

frequency conversion equipment will be shut down. With the fan blades

depitched, the motors require 15% of their rated overload power at 60 Hertz

speed. This then dictates the rating of the static frequency conversion

equipment.

With this size frequency conversion equipment, the synchronous motors

can operate continuously as adjustable speed drives at shaft speeds below 50%

of top rated speed because a fan requires only 1/8 of rated power when running

at half speed and at full fan pitch.

Therefore the static frequency conversion equipment will be designed to

operate the drive motors continuously at frequencies from 3 Hertz to 30

Hertz (_,0 to 50% of rated tl_m_el air velocity).

To minimize the cost of the inverters, line commutated inverters are

proposed. These inverters obtain their commutating KVA from the

synchronous motors that they serve rather from capacitor banks. The
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synchronous motor fields will be energized before the motors are to be

started and will remain excited whenever the motors are running. The

inverters will be artificially comnmtated when operating at very low fre-

quencies by causing the rectifier to revert to its inverting mode whenever a

eurrent zero is required in the inverter. At higher frequencies, sufficient

voltage will be generated by the rotation of the fully excited synchronous

motor to cause the inverter to commutate in its normal manner as a line

eommutated inverter.

Because the synchronous motors always operate in synchronism with

the inverter output frequency, including the standstill condition where the

inverter is supplying d-c current, this method of starting is called synchro-

nous starting.

Separate thyristor exciters will be provided for each synchronous motor

field so that field current is available while the motor is at rest and so that

field current can be regulated as desired during motor operation.

The rated inverter output voltage is hall of the rated 60 ttz motor

voltage. Hence the inverter can deiiver its fulI rated output to the motors

when the motors are operating at half of rated speed. As the motors are

accelerated from 30 Hz to 60 Hz the motor field current will be weakened to

maintain motor terminal voltage constant at the rating of the inverter. At a

frequency slightly above 60 Hz, the inverter will be discommcted from the

motors and the motor field currents will be raised to cause rated volt,'Ge to

appear at the motor terminals. As the motors coast through synchronism

with the 60 tIz utility system, they will be automatically connected to this
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system. After being connected to the 60 Hz system, the motors can be loaded

by varying the pitch of the associated fan blades.

Table 3.2.2 below summarizes the ratings of the a-c motors and the

rectifier-inverters.

TABLE 3.2.2

Fan A B C

Total HP @ Max. Speed 24,000 24,000 24,000

A-C Synchronous Motor Data:

Total Number Required 18 18 18

Continuous H.P. 19,200 19,200 19,200

2-Hour H.P. 24,000 24,000 24,000

60 Hz Synch. Speed (RPM) 133 1/3 156.52 240

Voltage 13,200 13,200 13,200

Frequency 60 Hz 60 Hz 60 Hz

Phases 3 3 3

Power Factor 1.0 1.0 1.0

Static Rectifier-Inverter Data:

Total Number Required 3 3 3

Input

Voltage 13,800 V 13,800 V 13,800 V

Phases 3 _ 3 _ 3

Frequency 60 Hz 60 Hz 60 Hz

Output

30-60 ttz

HP 21,600 HP 21,600 HP 21,600 HP

VoltvGe 6,900 V 6,900 V 6,900 V

3- 30 Hz

Volts/tIz 230 V/Hz 230 V/ttz 230 V/Hz

Phases 3 3 3
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Figure 3.2.2 describes a proposed one-line diagram for a six motor

drive sub-system. Three (3) identical sub-systems are required for the

eighteen (18) fans.

Looking at one six-motor sub-system (Figure 3.2.2), adjustable fre-

quency operation is accomplished by opening the two 13.8 It-V, 2500 ampere

bus tie circuit breakers connecting to the main transformer secondary

windings. The rectifier-inverter output is then connected to the two motor

buses via the 1200 ampere breakers.

When synchronizing the main motors to the 60 Hz power line, the

motors are accelerated to slightly above 60 Hz via the inverters, the

inverters are disconnected from the motor buses and as the motors coast

through synchronism the 2500 ampere bus tie circuit breakers are

automatically closed.

After the main motors are com_eeted to the power system, the tunnel

air speed is adjusted by pitch control of the individual fans as described

for system #1 above.

System power factor, during operation of the rectifier-inverters, is

automatically regulated by switching the three 12 hGrAR capacitor banks,

one on each of the three main power trvmsformers.

The capacitor switching trm_sients will be suitably isolated from the

static rectifier-inverters by virtue of their being connected to isolated

windings on the main power transformers.
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System power factor during 60 Itz operation of the synchronous motors

is regulated by controlling the synchronous motor field excitation.

This Alternate has one potential disadvantage, 1tamely that parallel

co_mected synchronous machines operating from a common power source,

can exhibit i_fl_erent negative damping at certain operating speeds. This

is usually most pronounced when operating at low electrical frequency

and, if the proper design precautions have not been taken, can result in

large power oscillations between machines. Similar oscillation phenomena

have occurred between synchronous generating stations in electric utility

systems operating at 60 Hz. These oscillations have been mitigated by

the use of separate thyristor exciters for the synchronous generator fields

and by the use of appropriate stabilizing and regulating circuits working

into these independent exciters. The hardware required to implement this

method of stabilization is included in the estimating prices tabulated in

this report.

It is recommended that a comprehensive dynamic analysis of this six-

machine sub-system be completed before a definite commitment is made

to this system. The analysis should completely represent the synchronous

motors, their excitation and regulating systems and the static frequency

change via their differential equations. From this analysis, verification

should be made lhat the system will operate stably over its starting and

running speed ranges. Such a dynamic analysis is beyond the scope of

this study. In view of the considerably saving in hardware cost a:_forded
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by this alternate and the possible application of this approach to other wind

tunnel drives, the cost of such a dynamic analysis could be justified.

The proposed rectifier-inverter starting and speed control system

has been successfully applied to single machines as shown in Reference #12.

References 9-11 pertain to synchronous machine damping.

Multiple machine applications of this starting system have not yet been

documented, however, there is a high probability that the multiple machine,

inter-machine stability problem can be mitigated by appropriate indepen-

dent control of the field excitation of the several synchronous machines.

3.2.3 Drive Alternate #3_ Eighteen (18) Adiustable Speed Synchronous
Motor Drives having Fixed Pitch Fans and Two (2) Static Thyristor

Rectifier-Inverter Systems Each Serving Nine (9) Motors

This proposed electric drive system is similar in operation to Drive

Alternate #2 above except the rectifier-inverter equipment is rated for

the full speed, full power capability of the synchronous motors. In addi-

tion the motors and inverters will have a 1. 125/1 constant horsepower

adjustable speed range to maximize the air velocity attainable in the low

speed tunnel leg.

Figure 3.2.3 is a power one-line diagram for one of the two sub-

systems proposed for this alternate. Two such systems would be required

for the complete, 18 motor, 432,000 HP adjustable frequency wind tunnel

drive system. This one-line assumes the frequency conversion equipment

is to be used only for the subject drive.
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pitch fan cannot be matched by any other fan-drive system.

superior characteristics are tabulated below"

A.

The mechanical simplicity of a gearless electric motor driving a fixed

A few of its

gt

Hi?ih Reliability

1. Simplicity of fixed pitch fan blade attachment permits designs,

having lowest stresses at blade attachment point. This

minimizes probability of mechanical failure at attachment

point caused by steady-state or cyclic fatigue stresses.

2. Absence of moving parts within the hub eliminates possibility

of wear and subsequent blade vibration and backlash.

3. Absence of moving parts within the hub eliminates need for

lubrication of hub components.

Superior Air Flow Profile

The fixed pitch fan operating at adjustable speed inherently results

in a more uniform air velocity profile from hub to tip of the fan

than does an adjustable pitch, constant speed fan. The warp of

the blade remains constant in an adjustable pitch fan as it

changes its pitch, ttence reductions in air flow of adjustabIe

pitch fans create a circulatory component of flow from hub to tip

of the fan.

In a sub-sonic tmmel, this nonuniform air velocity from hub to

tip of the fans can result in a undesirN_le air velocity variations

at the wind tunnel test section.
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C. Minimum Noise Power Level

The noise power produced by a fan is a function of its tip velocity.

At 50% flow, the fixed pitch, adjustable speed fan experiences a

15 db reduction of noise as shown in table 5.2 of this report. The

constant speed, adjustable pitch fan can be expected to create a

constant maximum noise for all tunnel air flow conditions above

50% of rated tunnel air speed.

D. Highest 1Resolution of Air Flow Adjustment and Lowest Air Flow
Drift with Time

The proposed adjustable speed electric drive systems will have

modern solid-state digital speed regulators. The resolution of

the speed setting function and the inherently low time drift of the

precision crystal controlled reference frequencies make the

adjustable speed fixed pitch fan systems superior to the adjustable

pitch fan method of air flow adjustment. The latter has friction

and backlash not present in the adjustable speed control systems

and requires rotating mechanical and/or hydraulic mid/or electri-

cal connections to the rotating hub assembly.

3.2.3.1 Synchronous h{otors

The proposed synchronous motors will be directly coupled to their

associated fL_:ed pitch f:_n. The motors will have a small (1. 125/1) con-

st_xnt horsepower speed _djustment rmlge in addition to the 20/1 speed
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adjustment range where load power varies as the cube of speed. The con-

stant horsepower speed range allows operation to 146 Knots with the

133' x 200' test section and to 300 Knots with the 75' x 150' test section.

The motors will be rated as follows:

TABLE 3.2.3

SYNCHRONOUS MOTOR RATINGS FOR ALTERNATE #3

Fan

Number Required

Continuous HP

2-Hour HP

Constant lIP

Speed Range

Constant HP

Freq. Range

Number of Poles

Voltage

Phases

Power Factor

A B C

18 18 18

19,200 HP 19,200 HP 19,200 HP

24,000 HP 24,000 HP 24,000 HP

133.3,/150 RPM 156.5/176.1 RPM 240/270 RPM

60/67.5 ttz 60/67.5 Hz 60/67.5 Hz

54 46 30

13,200 V 13,200 V 13,200 V

3 3 3

0.85 0.85 0.85

3.2.3.2 Rectifier Inverters

It is proposed to employ two separate thyristor rectifier-inverters,

each capable of driving nine (9) 24,000 HP synchronous motors.

Assuming a motor efficiency of 96%, the mmximum total power re-

quirement for nine motors is 166.1 MW.
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Two thyristor frequency changer equipments, each rated 160 MW

continuo_lsly, 176 MW for eight (8) hours, were placed in service in 1972

at the Eel River Station of the New Brunswick Electric Power Commission

in Canada. These converters were manuiactured by the Canadian General

Electric Company using designs developed by the General Electric Company.

The Eel River converters have been operating in electric utility ser-

vice for more than one year and have demonstrated that high reliability

can be attained with thyristor frequency changer systems of this size.

The Eel River design has been used for the purposes of this study be-

cause its power rating almost exactly matches the rating required for the

wind tunnel. Some design revisions would be necessary in the firilxg and

srtubber circuits for successful operation over the wide frequency m_d vol-

tage range required for adjustable speed motor operation. However the

basic power components and power circuits would remain unchm_ged.

To minimize the problems of motor starting and of motor stability

at low operating speeds, it is proposed to furnish two 2600 KW starting

cycloconverters, one for each group of nine motors. The cycloconverters

would be used to start and synchronize to motors together and for adjust-

able speed drive operation between 5% and 25% of rated 60 cycle speed.

The recl:ifier inverters would be used for operation between 25% mid

112.57_ of rated 60 cycle speed. The cycloconverter method of starting is

considered to be ideal for this application because so many motors are

operatin_ in parallel and because i_ minimizes the problem of discontinuous
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current in the high voltage rectifier-inverter bridges when operating at

very low d-c current levels.

Consideration should also be given to the possible use of these large

static frequency changers for other future wind tunnel drives on a shared

time basis. Tile cost of the adjustable speed drives for the future tunnels

would be greatly minimized if static adjustable frequency powerwas

already available. This added flexibility could be attained by providing

duplicate input/output transformers on the frequency changer system,

thereby providing an adjustable frequency 110 KV system.

Trmlsmission of the adjustable frequency power to other facilities

could be at the 110 KV level. Transformers at the facility would trans-

form the 110 Ii¥ down to the utilization voltage desired.

This approach also allows the adjustable frequency converters to be

located remote from the wind tunnel told hence gives greater flexibility

in selecting a suitable site layout.

There is considerable precedent within NASA for the use of large

adjustable frequency power systems for a multiplicity of drives. Exten-

sive installations_ employing rotating machine frequency changer sets,

are in existance at the Langley, Lewis and Ames Research Centers.

3.2.3.3 Static Power Factor Correction

It is proposed to provide power factor correction and harmonic filter-

ing on a 34.5 ICV tertiary winding of the main 60 Hz power transformer.
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Station auxiliaries and the starting cycloconverter would also be fed from

this tertiary winding.

The proposed static thyristor adjustable var control is another rather

recent development employing power thyristors in high voltage series

strings. The var control consists of a shunt capacitor bank, a shunt

reactor and back-to-back thyristors in series with the reactor. Phase

control of the thyristors causes a continuous variation in the effective

reactance of the reactor and hence of the parallel capacitor/reactor cir-

cuit. If the reactor KVA equals the capacitor KVA, then the circuit vars

can be continuously adjusted from zero to rated capacitor KVAR.

The capacitor bank will be sectionalized into several sections, each

section having small series tuning reactors. By tuning capacitor sections

to the 5th, llth and 13tb harmonics, the principal a-e harmonics of the

rectifier and of the a-c thyristor reactance control will tend to flow thru

this filter rather than in the 110 KV utility company lines. In this way,

the harmonics present in the utiIity company lines will be reduced to

acceptably low vaIues. In addition to the tuned sections of the filter, an

untuned section will also be provided to serve as a high frequency bypass.
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3.2.4 Drive Alternate _,/4,Eighteen (18) Adjustable Speed Syncln'onous

Motor Drives Havim,( Fixe-_ Pii:ch Fans, ldach Motor Served by

,'m Individual Thyri,'_tor Cycloconverter

Mechanically, the proposed system is identical to that of Alternate

#3 above and has the sa_me advantages when compared with constant speed

adjustable pitch Alternates #1 and #2 above,

Electrically, this Alternate #3 is different in that it uses thyristor

cycloconverters to convert 60 Hz constant frequency a-c to adjustable

frequency a-e. The state of the art in cycloconverters has not yet matched

the power ratings of thyristor rectifier-inverters proposed in Alternate #3

above. Therefore a separate cycloconverter is proposed for each of the

18 motors.

Figure 3.2.4 is a power one-line diagram of the proposed system.

3, 2.4. 1 Syncln'onous Motors

The synchronous motors for use with cycloeonverters, operates at

lower frequency emd hence has fewer electrical poles for the same shaft

speed. The state-of-the art thyristor cycloconverters have relatively low

output voltmges. The synchronous motor for use with a single cyclo-

converter does not require an amortisseur winding nor does it have to

have a lagging power factor rating (unity P.F. is adequate). This re-

duces the size and cost of the cycloconverter driven synchronous motor

when compared with Alternate //3. The fact that the eyeloconverter has

to operate at a m_xinmm frequency of approximately 40.0 Hz causes the
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synchronous motors to go up in size, however, the overall size ,and cost

of tlle 40 Hz unity power factor synchronous without ,'m amortisseur

winding is less than that of a 60 Hz, 0.85 PF motor with amortisseur

winding.

The motors will be rated as follows:

TABLE 3.2.4

SYNCHRONOUS MOTOR RATINGS FOR ALTERNATE #4

Fro1 A B C

Number Required 18 18 18

Continuous H.P. 19,200 HP 19,200 ItP 19,200 HP

2-Hour H.P. 24, 000 HP 24, 000 HP 24, 000 HP

Constant H.P. Speed 133.3/150 156.5/176.1 240/270

Rm_ge RPM RPM RPM

Constant H.P. Frequency 35.5/40 36.5/41.1 36/40.5

Rm_ge HZ HZ HZ

Number of Poles 32 28 18

Voltage 1700 V 1700 V 1700 V

Phases 3 3 3

Power Factor 1.0 1.0 1.0

3.2.4.2 Cycloconverters

The eighteen, twelve-pulse thyristor cycloconverters will each have

individual tr_msformers to operate from a 34.5 KV, 3 phase, 60 ttz power

system. The cycloconverter output frequency will be adjustable from zero
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to 1700 volts;. The cycloconverter output power rating will be I4, 920 IqW

continuously and 18,650 KW for t_vo hours at an output power factor of

unity.

Thyristor cycloconverters have been built in multi-thousand kilo-

watt sizes. The power circuit components of the thyristor cycloeonverter

are shnilar to those widely employed for a-c to d-c power conversion for

adjustable speed d-c drives. Cycloeonverters of the size required for this

application are well within the state of the art if the 3-phase line-to-line

output voltage is limited approxhnately 2 KV. While higher output voltage

thyristor cycloeonverters can m_d will undoubtedly be developed, the al-

ready developed lower voltage cycloconverters are used for the purposes of

this estimate.

3.2.4.3 Power Factor Correction

The power factor of the input circuit of a cycloconverter is inherently

quite low (0.6-0.7 lagging at full load). It is proposed to correct the

power factor and filter the major cycloconverter a-c line harmonics via

static var controls of the same type described in detail in paragraph

3.2.3.3 above.
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3.2.5 Drive Alternate #5, Ei_.hteen (]8) Adjustable _eed, Geared,

Doubly-fed, Womld t{otor Jt_duction Motor Drives wi[h Thyristor

Cycloconve]'ters m_d Fixed Pitch Fm_s

The proposed elecix-ic drive system consists of 18 drives, each

consisting of ,an adjustable speed wound rotor induction motor, geared

to a fixed pitch fan. Direct drive wound rotor induction motors at these

low speeds and high horsepowers are not considered to be a good economic

or engineering choice.

Figure 3.2.5 is the power one-line diagram for this system.

The motors are started and operated at frequencies up to 40 Hertz

as single-fed squirrel cage induction motors. The stators are shorted

via starting breakers and act as squirrel cage motor secondary windings.

The cycloconverters supply adjustable frequency power to the rotor

windings which are acting as motor primaries.

At 40 Hertz, a transition is made from singly-fed to doubly-fed

motor operation. The cycloconverter output voltage is removed, the stator

shorting breaker is opened and cycloconverter power is reapplied at

cycloconverter frequency of 20 Hertz m_d a cycloconverter output phase

sequence opposite to that employed during singly-fed operation. The

motor shrift is rotating at 40 Hz speed, the 20 Hz rotor excitation adds

to this to cause an induced voltage in the stator winding of 60 Hz. The

controls automatically adjust the frequency, phase mid mnplitude of the

cycloconverter output such that the stator winding induced voltage is

synchronized in ma,g;nitude, phase and frequency to the 60 Hz a-c line..

The stator circuit breaker then closes. This transition from singly-fed

to doubly-fed takes only a fraction of a second to complete.
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When operating doubly-fed, the cycloconverter frequency and

amplitude can be adjusted to cause the main motor to operate at any

desired speed between 20 tiertz below synchronous speed to 20 ttertz

above syneba'onous speed. At 20 Hertz above synchronous speed, the

10 pole induction motors will be operating at 960 RPM.

At top speed, the eycloconverter supplies 25% of the motor shaft

power via the motor rotor winding and the 60 Hertz power line supplies

75% of the motor shaft power via the motor stator winding.

This type of motor then requires only 25_o of the eyeloeonverter

eapaeity required by the synchronous motor eyeloeonverter drive de-

scribed in Alternate #4 above. However, as will be shown later, the

induction motor is a more costly motor than a synchronous motor and

tends to offset the saving in cycloeonverter rating.

3.2.5.1 Wound Rotor Induction Motors

The proposed wound rotor induction motors have ten (10) poles

m_d operate at a top rated speed of 960 RPM. They will be similar

in construction to the four motors driving the ARC Unitary Tunnel

except they will be al_proximately half the horsepower rating. (The

Unitary Tunnel motors are each rated 45,000 HP continuously and

54,000 tip for one hour).

The proposed motor rating is summarized in Table 3.2.5 below.
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TABLE 3.2.5

MOTOR AND CYCLOCONVERTER RATINGS
ALTERNATE #5

Number of Drives 18

A-C Induction Motor Data:

Continuous H.P.

2-Hour H.P.

Number of Poles

Rated Speed

Rated Frequency:

Stator

Rotor

Stator Voltage

Locked-Rotor Voltage

Stator Phases

Rotor Phases

Cycloconverter Data:

Output:

Line-to-line RMS Voltage 1,400 Volts

Phases 3

PulsesPer Incoming A-C Cycle 12

KW 5,250 KW

Power Factor I. 0

Frequency 40 Hz

Input:

Voltage 34,500 Volts

Phases 3

Frequency 60 Hz

19,200/19,200 H. P.

24, 000/24, 000 H. P.

I0

853.3/960 RPM

60 Hz

11.1/20 Hz

6, 600 Volts

4, 200 Volts (approx.)

3

3
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3.2.5.2 Cycloconverters

Eighteen (18) thyristor cycloconverters are required, one for each

motor. The ratings are tabulated in Table 3.2.5 above.

This rating of cycloconverter has been built for other similar

,%uplications m_d hence presents no state-of-the-art design problems.

3.2.5.3 Gears

The proposed speed reduction gearing is similar in power and speed

ratings to marine reduction gearing widely used for ship propulsion.

Three different gear Mternates are required for the fan alternates

A, B and C. Each alternate will be sized for a small (1. 125/1) operating

speed rm_ge at constant horsepower rating to maximize the air velocity

attainable on the low speed wind tmmel leg.

The gearing will be rated as tabulated h_ Table 3.2.5.3 below:

Fan

Craantity

IIorsepower Per Fan

Gear Ratio

Constant tlor s epower

Otdput Speed 1Rm__g'e

Horsepower to Vary

As Cube of Speed

\Vhen Operating Below

Constant HP &)eed Range

Non - r ever ,qibl e

Torque m;d _)eed

Service F:_,ctor 1o 0

TABLE 3.2.5.3

GEAR RATINGS,

A

18

24,000/24,000

960/150 RPM

133.1/!50 RPM

ALTERNATE #5

B

18

24,000/24,000

960/176.1RPM

15_.6/176.1RPM

1.0
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24,000/24,000

960/270 RPM
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3.2.6 Alternate _6, Ei_,iI,Iccn Dri\;o_'_ Each Con_:istJng of a Gas Turbine
Mechanic,111y (_-t(_,,_Jcdto a FL'<,,x[Pitch lqln and a T0_,_Direct-

Current ElectricMol:or for Low _i)eecl Operation and for Vernier

Speed Control

A one line diagrmn of the proposed system is shown in Figure 3.2.6.

The proposed system consists of a two shriftgas turbine driving a

speed reduction gear through a self-disengaging shaft coupling. The

low speed gear output drives the fan tlu-ough a 10% capacity direct cur-

rent motor.

The direct current motor is capable of driving the fan at all speeds

up to approximately 45% of top rated fml speed. During this operation, the

gas turbine is not running and the self-disengaging shaft coupling in the gas

turbine output shaft prevents windmilling of the turbine.

For operation above 45_ speed, the gas turbines are started. As

their power turbine reaches the operating speed of the gear pinion, the

self-disengaging shaft coupling will automatically engage. The power of

the gas t_rbine will then augment that of the d-c motor. The d-c motor

will be regulating speed, so its power egm go to zero or to its rated power

regenerating (electrical power being sent back into the 60 Hz power line)

if this is necessary to hold the fan speed to 45_ when the gas generator

t-urbJlle-colllpressor ullit is rullI1]ng at its lowest practical idling speed.

As more fan speed is required, the d-c motor will be employed rio

precisely regulate the set speed, however, it will be helped by the gas

tm'bine unit. The gas turbine governor will automatically operate to

hold '}-',t.t_ d-c motor armature current _o a preselected constant value

within the current ratings, (motoring or _ L_,ener,,_tm_,) of the d-e motor
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By tean_ing the gas turbine with a small capacity d-c drive, gas

turbine operation at low speed, where the efficiency is poor, is

minhnized. Also, a gas t-urbine alone is incapable of reg"alating precise

speed over output speed ranges of 20 to 1 when the output load is a fml.

The addition of the I0f6 capacity d-c motor Mlows for precise speed

control in this low speed region where the gas turbine is grossly in-

efficient and where the gas turbine has poor governing characteristics.

Should the electric power system at the wind tmmel site be in-

capable of serving these 10_; capacity d-e motors, a separate gas

turbine packaged power pl_t could be installed to provide the necessary

electric power. This would then make the tunnel drive 100% gas turbine.

The proposed _wo_sh,-cft gas t_urbines are callable of constant horse-

power operation over a 1. 125/1 speed range near top rated speed. Hence

two position wind tunnel fm_s are unnecessary to meet the flow require-

ments of the two test legs. Accordingly we are proposing fixed pitch

fans for this application.

3.2.6. I Gas Turbines

The fan power requirement is 24, 000 ItP at rated speed for periods

as long as two hours. It must be capable of 19,200 HP continuously.

This would allow continuous operation of all wind tunnel air speeds below

92.8% of maximum rated air speed.
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Allowing 4% for gearing loss, tile gas turbines must deliver a peak

power of 25,000 IIP if the d.-c motor is operating at: zero current. K

the d-c motors remain fully loaded, tile t,_as t_rbine need only deliver

22, 500 ItP maximum, ttence m_y two-sh_t gas turbine having a rating

between 22,500 tIP and 25,000 HP could be applied.

Heavy duty industrird gas turbh_es and aircrMt derivative gas

turbines are both available in this horsepower range. Recent com-

petitive bidding at NASA Lewis Research Center indicates close price

competition between the two types of gas turbines in the horsepower

ratings required for this job (the heavy duty industrial gas turbines were

evaluated as low bidder). Hence, the heavy duty industrial gas turbines

were used for the subject study.

Full load speed for the turbines output shaft is 4, 670 RPM.

The standard electric motor stm'ting will be employed for the gas

turbines. This consists of a 400 horsepower squirrel cage induction

motor and a hydraulic torque converter for each of the 18 gas turbines.

Gas turbines em_ be operated on natural gas, natural gases of low

methane content, gases other thm_ natural gas, low BTU coal gas,

distillate oil, naptha, residual oil, crude oil, or other fuels meeting

General Electric Gas Turbine Products Division specifications. They

also are available for dual fuel operation with various combinations of

fuels. Fo:c the purt)oses of thi._ study, operation on distillate oil is

aS SUIII ed.
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3.2.6.2 Speed Reduction (]earing

Tile proposed speed reduction gcari_)g is shnilar in power ,andspeed

ratings to marine reduction gearing widely used for ship propulsion.

Three different gem- alternates are required for the fan ,alternates

A, B mid C. Each alternate will be sized for a small (1. 125/1) operating

speed range at construct horsepower rating to maxhnize the air velocity

attainable on tl,e low speed wind tunnel leg.

The gearing will be rated as tabulated in Table 3.2.6.2 below:

TABLE 3.2.6.2

GEAR RATINGS, ALTERNATE #6

Fzul

Quantity

Horsepower Per Fan

Gear Ratio

Constant lip Ou[put

Speed Range

Horsepower to Vary

as Cube of Speed When

Operating Below

Constant HP _eed

Range

Non-reversible Torque

told Speed

Service Factor

A B C

18 18 18

24/24 KHP 24/24 KHP 24/24 KHP

4670/150 RPM 4670/176.1 RPM 4670/270 RPM

I33.1/150 RPM 156.5/176. I RPM 240/270 RPM

1.0 1.0 1.0

3.2.6.3 D-C Motors

The proposed direct current motors will each be rated to carry the

full load l:hrough-L_orque of _he geared gas turbine prhne mover. The
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d-c motor ratings _u-etabulated in Table 3.2.6.3 below:

TABLE 3.2.6.3

D-C MOTOR RATINGS FOR ALTERNATE {f6

F:m A B C

Quantity 18 18 18

Continuous KP 2,000 HP 2,000 HP 2,000 HP

2-ttour Overload tip 2, 500 HP 2,500 HP 2,500 ItP

Base Speed 57.2 RPM 67. I IRPM 103.2 RPM

Top Speed 150 RPM 176.1 RPM 270 RPM

Voltage 700 Volts 700 Volts 700 Volts

3.2.6.4 Thyristor Rectifiers ,'rod Power Factor Correction

Eighteen hldividuat thyristor rectifiers will be employed to service

the eighteen d-c starting motors.

Power factor correction will be obtained by a static adjustable vat

conb'ol system.

The va_'s will be controlled via back-to-back thyristors operating in

series with a stmnt reactor. Fixed tuned capacitors operating in par_lel

with the shunt reactors allow the combination of capacitor reactor and

thyristors to be smoothly adjusted over a range of vm-s from zero to

rated capacitor I(5rAR.

The capacitors are also provided with t-uning chokes which cause

them to serve a second function of filtering harmonics from the power

system.
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4. CONTINUOUSLY VAIRIABI,E PITCH FANS

To comply with paragraph D of the work statement, the General

Electric Company soU.cited bids for an engineering study of variable

pitch fans from four vendors who had previously submitted fan cost

estimates for contract Reference 4.

WA1RCO

Parsons

Allis Chaln_ers

Dominion Engineering

The work statement for this subcontract follows:

The vendor performing this study shall provide the fol-
lowing infer mation.

• Cost - The influence of the following variables on

hub cost shall be reported:

a. Blade tip speeds of 300, 400, 500, 600 ft/see

b. Blade numbers 5, 10, 15, 20

c. Hub diameter 15 ft., 20 ft., 25 ft., where the
ratio of blade to hub diameter is about .45

• Feasibility - The methods of manufacturing,

balancin_, assembly, shipment, erection, control,

irlstrumentation, lubrication and maintenance shall

be considered and the means of assuring successful

completion of these functions discussed in the report.

Any operations requiring new developmerJt for this

job should receive special attention.

• ]Reliability - The general stress levels of material,

beari_ loads, control functions, fault detection and

repair, b,qlauce requirements, :rod failure modes should

be con_;ide.red. Critical items if any should be identified

in lhe rel._o:ct.
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4. Operatiop, al Characteristics - The blade tracking
requirem,mts, starting conditions, pitch range, rate
of pitch change, blade loads during pitch change,
and requirements of pitch readout and control will be
supplied the vendor by the General Electric Company.
The vendor will evaluaie these requirements and
report on the ability of the proposed design to meet

specifications.

5. Life and Intet;rity - The anticipated life of wearing

components, and service requirements, should be
con side re d.

The WARCO Company of Agawam, Massachusetts (Div. of Albany

International Corporation) was the successful bidder.

Our intent in this subcontract was to provide cost and feasibility

inputs which could more accurately assess the influence blade number

and fan diameter. For this purpose, we supplied WA1RCO with the

geome/:ry mid blade forces and moments for four fan designs from

the previous contracted study, Reference 4 . The fan geometric

parameters al'e given in Table 4.1 and pertinent force data is included

in WARCO's technical report which is included as part of this submittal.

From Table 4.1, it can be noted that fans were selected at 40 and 53 ft.

diameter at from 7 to 21 rotor blades. This covers the complete range

of possibility considered in the previous studies.

4.1 Blade Root Pitc!_in_,_ Moment

Since the pitch c,f the blades are adjustable, consideration was given

to the pitch forces over the entire range of synchronous speed oper,_tion

from zero tunnel flow to the larger te_t section nmxinmm flow.
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Airfoils typical of fan application such as the Clark Y or 2300 series

have remarkaMy invarient moment coefficient. This is illustrated in

Figure 4.1 where data over a range of angle of attack from -13.5 ° to

+5 ° angle of attack is seen to have an invarient moment coefficient about

the quarter chord point. Thus no moment reverse wotttd be experienced

even with the blade tip sections depitehed so as to pump in the reverse

flow direction. The actual root moments are then just proportional to

the dynamic pressure of the relative velocity vector.

As discussed in Reference 4, the 2300 series of airfoils is favored

and these foils have a moment coefficient of about -.040 over the range

of available data from -4 ° angle of at±ack to stall. Further as with the

Clark Y, we do not anticipate _my change up to negative stall. Using

this coefficient the minimum moment of the four fans over the range

of flows and at synchronous rpm's is given in Table 4.2. Further,

since the most forward location of the center of pressure of the 2300

series of blades is 27% of the blade chord from the leading edge, it is

recommended that the blade pivots be at the 25% chord point.

Fan 5 because of the high tip speed would have the highest blade

pitching momeni:s. The moment and bl_de angle vs. flow is given in

l_gure 4.2 for f_n 5 and in Figure 4.3 for fan 4. The blade angle v,nria-

tion for fan 4 is also typical for fan IIA. Fan 9A angle vs. flow would be

intermedi;_[e between fans 4 and 5.
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4.2 Molar Synchr_m_z:_,tion

The t_tarting motors, DC or variable frequency power, are specified

as having 15%_ of tile full load power and thus 159_ of the full load torque

at synchronous speed. Reducir, g torque to this low value requires

depitchint_ the fan. Fit_ures 4.4 and 4.5 illustrate the conditions for

the two tumiel sections for fan l lA.

At 15% torque, the fans would be limited to between 30% and 35%

maximum flow and require a depitch of 26 ° from their respective

operating condition.

4.3 Variab!e Pitch Fan Study

The WARCO design and cost study is included herein as an

attachment. UsiDg the costs from this study, the fan co_t comparisons

of Reference 4 were updated as given in Table 4.3.
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TABLE 4.2

MINIMUM STEADY I_LADE PITCHING MOMENT

AT BLADE ROOT

Tunnel Flow

Fan 0 300K 150K Y Leg

4

5

9A

IlA

985 ft lbs

2070 ftllbs

583 ft Ibs

525 ft lbs

1250 ft lbs

2328 ft ibs

722 ft ibs

735 ft ibs

1496 ft lbs

2547 ft Ibs

916 ft ibs

1021 ft Ibs
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5. SOUND POWE]I Ef;TIMATES

Tho total sound power radiated from 13 fans is estimated based on

the methods of Graham and ParI<er, t-_e[erences 7 and 8. The results

are given in TaMe 5-1 whero it can be noted the 350 K/see tip speed

fan is about 13 db quieter than Ihe 630 ft/sec fans.

Variable pitch fans would operate at mnzt:imum rpm from 100_

to about 50_ test section velocity. The sound power output would

stay approximately constant over this entire range of velocities.

However, at 50_ flow the fans could also operate at half synchronous

rpm and design pitch, which would result in about a 15 db reduction in

noise as _hown in Table 5.2. As the sound power is assumed propor-

tionate to the 5.5 power of the ".'pro further reductions in rpm are

eontitm ou sly beneficial.

5.1 Gas _IX1rbine Op_,ration

With 18 gas tnrbir, cs driving the fans rather than electric motors

an adctitio_.nl signJficant noise source is introduced. It would be

necess,qry to silence both the intake and exl_aust and to package the

turbine to attenuate the casing radiated noise. Adequately silenced

however, the gas turbine could be made as quiet or quieter than the

350 if/see tip speed fan framing at half speed.

A comparison of the sound power radiated from a single 350 It/see

fall operatin_ at half design speed, \:dth that of a single General Electric
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MS 5000 industri_l selwice gas ttlrbine is indicated in Table 5.3. The

sound power radinted from the compressor int,_ke ,nnd from tlle turbine

enclosure is [;iven separately from the sound power: r,_di:_ted from the

turbine exhaust. Wiih a more conventional baffle silencer, the latter is the

domin2,nt noise offendel-. However, if the more modern switchb,_ck

silencer were used, the exhaust noise is insJgnificm_t compared to the

f,qn or pack_ge noise _t all but the lowest frequency band.
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T ip Speed
ft/sec

RPM

Octavo

Band

TABI,]! 5 . 1

EST1N;XT/iD SOUND POWER L]!VELS

OF POSSIBLE FANS FOR 75 x 150

FOOT TtINNIiI. (18 fans, 50 foot tip

diameter, tt/D = .5) AT NORBIAL

SPEEDS AS I!N1)ICATEI)

350.00 410.00

133.33 156.52

Sound Power Levels
re 10 -13 watts

628.00

240.00

3.9

7.8

15.6

31.2

62.5

125

250

50O

1,000

2 , 000

4,000

8,000

16,000

152 3

155 1

157 5

158 8

158 1

155 9

153 1

150 2

147 2

144 2

141 2

138 2

135 1

155.1

158

160.5

162.1

161.9

160

]57 3

154 3

151 4

148 4

145 3

142 3

139 3

162.5

165.5

168.3

170.6

171.5

170.6

168.3

165.4

162.5

159.5

156.5

153.5

150.5

OVt!R.A1 165.1 168.6 178.0
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Design Tip Speed

ft/sec

RPM

Octave

Band

T A BL E 5 . 2

ESTIMATED SOUND POWER I,EVEL

OF POSS[BI,E FANS FOR 75 x 150

FOOT TUNNEL (18 fans, 50 foot tip

dir_meter, II/D = .5) AT ONE-ItALF

SPEEDS AS INDICATED

350.00 410.00

66.66 78.26

Sound Power Levels
re 10 -13 watts

628.00

120.00

3.9

7.8

15.6

31.2

62.5

125

250

500

1,000

2,000

4,000

8,000

]6,000

140.1

142.5

143.7

143

140 8

138 1

135 1

132 1

129 1

126 1

123 1

120 1

117 1

142 9

145 5

]47 1

146 8

144 9

142 2

139 3

136 3

133 3

130 3

127 3

124 3

121 3

150.4

1.53.2

155.5

156.5

155.5

153.2

150.4

147.4

144.4

141 .4

138.4

135.4

1.32.4

OVI!P,A],I, 149.8 153.4 162.8
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SECTION 6

Cost Analysis, Large Scale

V/STOL Wind Tunnel

6.0 The results of the cost analysis are tabulated in

tables 6-1 through 6-6.

Those prices are based on current market lovels

(Septomber 1973) and do not include any contingency for

possible ostimating errors nor do they include an allowance

for price escalation between September 1973 and the date of

construction.

6.1 Electrical and Gas Turbine Drive System Costs

All of the subject equipment is manufactured by the

General Electric Co. except the ll0kV underground pipe cable.

Costs for most of the items which are manufactured by

the General Electric Co. were obtained from published prices,

adjusted for current market levels. Where published prices

were not available, the prices were based on recent selling

prices.

The ]10kV underground cable cost was estimated from an

April 1966 Federal Power Commission report on underground

power transmission, escalated to reflect general price level

increases since that date.

The installation cost estimate for the drive equipment

is given as 30 percent of the cost of the equipment. This

percentage number is based on experience gained from previous

installations of similar equipment furnished for the NASA

wind tunnels at the Ames, Lewis and Langley Research Centers.
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6.2 Fan Costs

The fan costs are included in cost summary tables 6-1,

6-3 and 6-5.

Table 4-3, page 67A, tabulates fan costs based on the

fans listed in table 2-1, reference #4. These costs were

used to estimate the fan costs for the six 50 foot diameter

fans used herein.
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SECTION 7

Ames 40'x80' Wind Tunnel

Additional Electric Drive

Alternates C and D

7.0 Introduction

As a sub-contractor to John A. Blume and Associates the

@eneral Electric Co. performed a study of a wind tunnel power

system employing adjustable pitch fans and a drive motor system

capable of operating as follows:

Mode #i

- Fans set at full pitch

- Motors to operate from 5% to 50% of top

rated speed as adjustable speed, adjustable

frequency synchronous motors. (This required

only 15% of top rated fan horsepower)

Tile adjustable frequency will be obtained from

thyristor rectifier-inverter power conversion

equipment.

Mode #2

- Synchronous motors run at constant speed and

connected to the 60Hz power system.

- Wind tunnel air speed is adjusted from 50%

to 100% of rated air speed via pitch control of

the fans.
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When mode #2 operation is desired, the drives will be

accelerated to top rated motor speed with the fans depitched,

using the 15% capacity adjustable frequency thyristor power

conversion equipment. The synchronous motors will then be

synchronized to the 60Hz power system after which Mode #2

operation can commence.

This supplement to the 40'x80' wind tunnel study considers

two alternative drive systems, both employing fixed pitch fans

and adjustable speed drives.

7.1 Fixed Pitch Fans and Adjustable Speed Drives Versus Adjustable

Pitch Fans and Constant Speed Drives

The mechanical simplicity of a gearless electric motor

driving a fixed pitch fan cannot be matched by any other fan-

drive system. A few of its superior characteristics are

tabulated below:

A. High Reliability

i. Simplicity of fixed pitch fan blade attachment

permits designs, having lowest stresses at blade

attachment point. This minimizes probability of

mechanical failure at attachment point caused by

steady-state or cyclic fatigue stresses.

2. Absence of moving parts within the hub eliminates

possibility of wear and subsequent blade vibration

and backlash.

3. Absence of moving parts within the hub eliminates

need for lubrication of hub components.
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B ,

C •

Sul_erior Air Flow Profile

The fixed pitch fan operating at adjustable speed inherently

results in a more uniform air velocity profile from hub to

tip of the fan than does an adjustable pitch, constant speed

fan. The warp of the blade remains constant in an adjustable

pitch fan as it changes its pitch. Hence reductions in air

flow of adjustable pitch fans create a circulatory component

of flow from hub to tip of the fan.

In a sub-sonic tunnel, this nonuniform air velocity from hub

to tip of the fans can result in a undesirable air velocity

variations at the wind tunnel test section.

Minimum Noise Power Level

The noise power produced by a fan is a function of its tip

velocity. At 50% flow, the fixed pitch, adjustable speed

fan experiences a 15db reduction of noise. The constant

speed, adjustable pitch fan can be expected to create a

constant maximum noise for all tunnel air flow conditions

above 50% of rated tunnel air speed.

D. Highest Resolution of Air Flow Adjustment and Lowest Air

Flow Drift with Time

The proposed adjustable speed electric drive systems will

have modern solid-state digital speed regulators. The

resolution of the speed setting function and the inherently

low time drift of the precision crystal controlled reference

frequencies make the adjustable speed fixed pitch fan systems

superior to the adjustable pitch fan method of air flow

adjustment. The latter has friction and backlash not present
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in the adjustable speed control systems and requires rotating

mechanical and/or hydraulic and/or electrical connections to

the rotating hub assembly.

7.2 Synchronous Motors

The proposed synchronous motors will be directly coupled

to their associated fixed pitch fan.

Because this is to be a repowering of an existing wind

tunnel,it is desirable to minimize the weight of the synchronous

motors so that the existing motor foundations can be reused.

Preliminary motor design investigations indicated that:

3.1 The synchronous motor outside diameter cannot

be less than the seventeen feet (17') diameter

employed in Alternates A and B of the J.A. Blume

study.

3.2 The adjustable speed alternates C and D (to be

described later in this supplement) can also be

built in the seventeen foot O.D. frame and will

be essentially the same size as tile motors for

Alternates A and B.

It would be desirable from an aerodynamic standpoint to

reduce the motor nacelle diameter from the 20 feet design

proposed via the J.A. Blume report to something smaller because

the smaller nacelle diameter would allow slightly higher test

section air velocities. However, it does not appear that this

can be done by reducing motor diameter. If nacelle diameter

is reduced, it must be done by integrating the design of motor

frame into the outer shell of the nacelle. This would seriously
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7.3

affect the maintainability of the motor because its stator

could no longer be shifted axially on a base as is necessary

to rewind a motor of this size in installations where dis-

assembly by cranes is not feasible.

It does not appear at this time that reducing the nacelle

diameters below the 20 foot diameter proposed by Blume would

result in sufficient gain in test section velocity to offset

the resulting marginal maintainability of the motors or the

complications of supporting a round frame motor without feet.

Alternate C, Fixed Pitch Fans with Adjustable Speed Drives

Consisting of Synchronous Motors and One Large Thyristor

Rectifier Inverter Frequency Changer.

Figure #7.1 is the electrical power one-line diagram for

this alternate.

The synchrnous motors are operated at adjustable speed via

an adjustable frequency power conversion system.

For motor speeds from 5% to 25% of rated fan speed, the

adjustable frequency is obtained from an 1,800 kW thyristor

cycloconverter.

For motor speeds from 25% to 100% of rated fan speed, the

adjustable frequency is obtained from a 105.6 MW thyristor

rect i fier-inverter.

A 50 MVAR static thyristor adjustable var control, operating

from a 34.5 kV tertiary on the main constant frequency trans-

former, supplies continuously adjustable control of magnetizing

kilovars. This unit will be switched on and off the 34.5 kV

bus when the main thyristor rectifier _s not in service. Hence
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miscommutation of the main rectifier-inverter, due to capacitor

switching transients, will be avoided.

The var control is smoothly and continuously adjustable

via the phase control of the back-to-back thyristors in series

with the inductive reactance. The shunt capacitors will be

tuned to act as harmonic filters for the harmonics produced by

the var control and by the main thyristor rectifier.

The inverter is not used until the drive is operating at

or above 25% of rated speed. Hence the inverter can be a simple

fin e-commutated inverter which derives its commutating kVAR from

the 0.85 P.F. synchronous motors which it serves.

A 69kV table connection is shown between the rectifier-

inverter and the motor transformers. This makes it practical to

to install the two main transformers, the main rectifier inverter

and the IIz static var control at a physical location remote from

the wind tunnel. The three 69kV to 6.9kV transformers, the

6.9kV switchgear and the 1800 kW cycloconverter would be in-

stalled as close to the drive motors as is physically possibIe

in order to minimize the length of the high current 6.9kV

motor circuits.

The 69 kV intermediate voltage was chosen because cable

and transformers are economical at this voltage level.

The 69kV could also be readiiy switched to other future

facilities which required adjustable frequency power.

The synchronous motor voltage was selected to be 6,600

volts. 6,600 volt motors at 0.85 PF can be made to fit into

the desired 17' O.D. frame size where 13.8kV 0.85 PF motors
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result in a marginal design in a 17' O.D. frame. The

higher voltage would result in lower cable and circuit

breaker costs, however, the lower cost of the 6900 volt

motors tend to offset these higher costs.

The synchronous motors are rated as follows:

18,000 HP Continuously

22,500 HP for two hours

180 RPM

6,600 Volts

3 Phase

60 Hertz

0.85 Power Factor

40 Poles

- Class F Insulation

- Separately forced ventilated for reduced

speed operation to 5% of rated speed when

connected to a fan load.

The recitifer/inverter is rated at 105.6 MW for two

hours and employs high voltage thyristor sub-assemblies

similar in design to those which have been in service at

the Eel River Station of the New Brunswick Electric Power

Commission (Canada)

The Eel River Station has 160/176 MW rectifier inverters,

continuous /8 hours. Only 60% of the cells required in the

Eel River converter will be required here to attain the

105.6MW rating.

93



7.4 Alternate D, Fixed Pitch Fans with Adjustable Speed Drives

Consisting O f Synchronous Motors and Individual Thyristor

Cycloconverters.

Figure 3.2.4 describes the one-line diagram for this

system.

The individual cycloconverters allow frequency adjustment

from zero to approx. 36 Hertz.

The synchronous motors would be designed for 36 Hertz,

unity power factor and hence will have fewer electrical poles

(24 Poles) than the 60 llertz (40 Pole) motor of Alternate C.

The 24 Pole unity power factor motor will have essentially

the same weights and dimensions as the 40 pole, 0.85 P.F.

motor of Alternate C.

Because large, high voltage cycloconverters have not been

developed at this time, individual low voltage (1700 volt)

cycloconverters have been proposed for this alternate.

The synchronous motors will be rated as follows:

18,000 Hp Continuously

22,500 HP for two hours

180 RPM

1,700 Volts

3 Phase

36 Ilertz

1.0 Power Factor

24 Poles

- Class F Insulation

- Separately forced ventilated for reduced

speed operation to 5% of rated speeu when

connected to a fan load.
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The cycloconverters are rated as follows:

Input

34.5 kV

3 Phase

60 ttert z

Output

14,000/17,500 kVA

Continuous/two-hours

1,700 Volts line-to-linee

3 Phase

36 Hertz

12 Pulses per input

a-c cycle

A 34.5 kV intermediate voltage was selected because of

reduced switchgear and cable cost and because the static

thyristor Var control has minimum cost at this voltage.

The two static var controls, required for system power

factor correction, will each be rated for 70 MVAR.
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TABLE 7-2

SUMMARY OF 40'x80' WIND TUNNEL DRIVE AND FAN COSTS

ALTERNATE C D

COSTS

blotor 60ttz RPbl

HP/a-c Motor (Cont.)

HP/a-c Motor (2-1fours)

6- Motors

i- 105.6 MW thyristor
rectifier inverter

6- 17,500 KVA cycloconverters

I- 1,700 KW cycloconverters &

speed regulators
i- Main transformer

i- Inverter transformer

3- Local motor transformer

i- 4160V aux transformer

2- IISKV potential transformers

i- Lot of switchgear, protective

relaying and metering
i- Static var control

i- Master control and

regulating panel
2- Unit substations

6- Fan shaft and bearing
i- Credit for main transformer

and relaying not included

in table 6-I of GE report
to J.A. Blume

_

Sub-total drive costs

Fans, spinners and

stator blading

(24 month program)

180

18,000

22,500

$3,216,720

$3,795,000

$ 528,000

$ 341,203

$ 251,626

$ 335,461

$ 30,992

$ 6,000

$ 429,424

$ 600,000

$ 360,000

$ 126,492

$ 662,400

$ -289,000

$10,394,318

$ 3,108,609

180

18,000

22,500

$3,327,756

$5,400,000

$ 314,557

$ 22,634

$ 6,000
$ 403,547

$1,54o,ooo
$ 360,000

$ 126,492

$ 662,400

$ -289,000

$11,874,386

$ 3,108,609
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